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C ompressive cervical myelopathy (CCM) is a prevalent and increasingly observed neurological disorder in adults over 50 years of age.
11, 21 Distinctive symptoms of CCM are numbness in the extremities, clumsiness in the hands, spastic gait disturbance, and bladder and bowel dysfunction. Diabetes mellitus (DM) is a frequent comorbidity and can cause numbness and weakness in the extremities due to peripheral neuropathy. Therefore, DM may impact the severity of CCM.
The measurement of motor evoked potentials (MEPs) following transcranial magnetic stimulation (TMS) is a noninvasive method to evaluate the electrophysiological function of the corticospinal tract.
13, 26 Central motor conduction time (CMCT) can be used to evaluate corticospinal function in cervical myelopathy, and prolonged CMCT has been reported in patients with CCM. 6, 15, 33, 40 In addition, F-wave studies have been reported to be able to detect diabetic neuropathy. 1, 20, 34 Motor conduction latencies are increased in patients with diabetic neuropathy. 18 However, few reports have examined the electrophysiological assessment of diabetic patients with CCM. Motor pathway conductivity in CCM patients with DM who have not been diagnosed with diabetic polyneuropathy has not been examined, and the correlation between the electrophysiological parameters and clinical symptoms is unclear.
The aim of this study was to assess the function of motor pathways in diabetic patients with CCM and to investigate the correlation between electrophysiological parameters and clinical symptoms.
methods

Study population
Among 142 patients treated in the Department of Orthopedic Surgery at Hiroshima University between 2011 and 2013, 22 patients (10 women and 12 men) had CCM and DM (CCM-DM group) and 92 patients (26 women and 66 men) had CCM alone (CCM group). All patients in the CCM-DM and CCM groups presented with symptoms of myelopathy, such as numbness or sensory disturbance in the upper and/or lower limbs, clumsiness in the hand, spasticity in the lower limb, and/or bladder and bowel dysfunction. Myelopathy in each patient was confirmed by physical examination, and cord compression was present between C2-3 and C5-6 disc levels on MRI and myelography findings. The remaining 28 patients presented with other brain, thoracic spinal cord, cauda equina, or entrapment peripheral nerve disorders and were excluded from the study.
All patients in the CCM-DM group were diagnosed with Type II DM, according to the classification and diagnostic criteria for DM presented by the Committee of the Japan Diabetes Society on the Diagnostic Criteria of Diabetes Mellitus, 22 and were treated for more than 1 year after receiving their diagnosis. The mean treatment period for DM was 7.4 ± 5.7 years (range 1-19 years). Of these 22 patients, 3 were treated with insulin and 19 were treated with hypoglycemic medication. Patients with Type I DM were excluded from the study. Patients diagnosed with symptomatic diabetic neuropathy before the onset of CCM were also excluded. In the CCM-DM group, 4 patients had a history of ischemic heart disease, 2 had diabetic retinopathy, and 4 had a mild degree of nephropathy before surgery. The CCM group excluded patients with fasting blood glucose levels of 126 mg/dl or more, or with HbA1c levels of 6.5% or more on blood screening before surgery. The mean age, height, and body mass index (BMI) of the CCM-DM group were 74.2 ± 11.4 years (range 42-94 years), 157.7 ± 12.4 cm (range 135.0-181.0 cm), and 23.5 ± 3.3 kg/m 2 (17.6-30.8), respectively ( Table  1) . The mean age, height, and BMI of the CCM group were 68.9 ± 12.1 years (range 30-92 years), 159.1 ± 9.7 cm (range 140.0-179.0 cm), and 23.4 ± 4.0 kg/m 2 (12.9-35.2 kg/m 2 ), respectively. We also examined 24 healthy adults (14 women and 10 men) as the control group. The mean age of adults in the control group was 67.5 ± 11.9 years (range 45-86 years). The mean height and BMI of the controls were 155.9 ± 8.3 cm (range 143.5-170.0 cm) and 23.3 ± 3.5 kg/m 2 (18.2-32.5 kg/m 2 ), respectively. Adults in the control group showed no sensory disturbance, weakness, or spastic gait disturbance in their limbs. There were no significant differences in age, height, or BMI among the 3 groups. All patients provided written informed consent after full explanation of the treatment. All participants and/or their families were informed that their data would be submitted for publication. This study received approval from the institutional review board of Hiroshima University.
clinical outcomes
The presence of CCM in the CCM-DM group was due to either cervical spondylosis (20 patients) or ossification of the posterior longitudinal ligament (OPLL; 2 patients). In the CCM group, the CCM was due to cervical spondylosis (79 patients), OPLL (8 patients), or cervical disc herniation (5 patients). Compression was detected in the C2-3, C3-4, C4-5, and/or C5-6 levels by MRI. All patients underwent laminoplasty 39 and some exhibited neurological improvement. The Japanese Orthopaedic Association (JOA) score for cervical myelopathy 42 (highest score is 17 points) was obtained as a clinical outcome before surgery and at 1 year after surgery by independent orthopedic surgeons (Table 1) .
electrophysiological assessments
CMCT was determined as described previously 29, 30, 32 and was measured for all patients before surgery. Surface recording electrodes were placed bilaterally on the abductor digiti minimi muscle (ADM) and abductor hallucis muscle (AH) using the standard belly-tendon method. TMS was delivered using a round coil with a 14-cm outer diameter (The Magstim Company, Ltd.), whose center was held over the vertex of the cranium while MEP recordings were made from the ADM. TMS was applied during a slight voluntary contraction. The recording sensitivity was set at a vertical gain of 0.2 mV/D and a horizontal sweep of 5 msec/D for ADM recordings. The recording sensitivity was set at a vertical gain of 0.1 mV/D and a horizontal sweep of 10 msec/D for AH recordings. A clockwise current in the coil, as viewed from above, was delivered to stimulate the left hemisphere, and a counterclockwise current was used to stimulate the right hemisphere. The mag-netic stimulus intensity was set at 20% above the threshold for the MEPs. The coil was then shifted anteriorly when the MEP recordings were made from the AH muscle. The MEPs were recorded more than 10 times; 4 reproducible responses were superimposed, and their latencies were measured. For most trials, a stimulus intensity of 80% was adequate to elicit consistent MEPs of similar morphology. M-waves and F-waves were recorded following continuous current stimulation at supramaximal intensity (0.2-msec square wave pulses) of the ulnar and tibial nerves at the wrist and ankle, respectively. None of the patients showed markedly diminished compound muscle action potential (CMAP) amplitudes in either the ADM or the AH. Thirty-two serial responses were obtained, and the shortest F-wave latency was measured. All muscle responses were recorded using a commercially available system (Viking IV, Nicolet Biomedical, Inc.) after they traversed a bandpass filter of 0.5-2000 Hz. An epoch of 100 msec after stimulation was digitized at a 5-kHz sampling rate. The peripheral conduction time (PCT), excluding the turnaround time at the spinal motor neuron (1 msec), was calculated from the latencies of the CMAPs and F-waves as follows: (M-wave latency + F-wave latency -1)/2. 17 The conduction time from the motor cortex to the spinal motor neurons (i.e., the CMCT) was calculated by subtracting the PCT from the onset latency of the MEPs (Fig. 1) . These measurements were performed by an examiner, who was blinded to the patient's history, clinical features, and MRI results, in an electrically shielded room with the air temperature controlled at 25°-27°C. The mean disease duration between the onset of CCM and the electrophysiological study was 8.3 ± 7.7 months (range 1-24 months) in the CCM-DM group and 11.3 ± 15.5 months (range 1-60 months) in the CCM group. There were no significant differences in the mean disease duration between the CCM-DM and CCM groups. The electrophysiological data are presented as the mean ± standard deviation (range).
Statistical analysis
Statistical analyses were performed using PASW Statistics 18 (SPSS, Inc.). The MEP, PCT, and CMCT data were analyzed using averages of right and left values. Data were compared among the 3 groups using the Scheffé test with ANOVA, and a p value of < 0.05 was considered to be statistically significant. Correlations among the JOA score, age, and CMCT values were estimated using the Pearson correlation coefficient (r). It has been reported that height and age are correlated significantly with F-wave latency in the upper and lower limbs. 7, 36, 43 In healthy subjects, significant correlations between CMCT in the lower limbs and height also have been reported. 3, 4, 8, 9, 12, 41 Age also correlates with JOA score in patients with CCM.
10,24,27,28 Therefore, the partial correlation coefficient (r') was analyzed after adjusting for age and height. A correlation was accepted as significant when p < 0.05 and |r or r'| > 0.2.
The parameters were considered abnormal if no response could be recorded or if the response value in the right and/or left side exceeded the upper limit of the normal range, defined as the mean ± 2.0 SD. Comparisons of the frequencies of different nominally scaled variables were performed between the CCM-DM and CCM groups using the chi-square test. The results were considered significant if p < 0.05. The electrophysiological data are presented as the mean ± standard deviation (range).
results the mep latency, pct, and cmct values
The MEP latency, PCT, and CMCT values are shown in Table 2 . MEP latencies recorded in the ADM and AH muscles are defined as MEP-ADM and MEP-AH, respectively. PCT and CMCT detected from the ADM and AH muscles are defined as PCT-ADM and PCT-AH and CMCT-ADM and CMCT-AH, respectively. The MEP could not be recorded from the left AH in 1 patient in the CCM-DM group. The MEP could not be recorded from the right and left ADM and both AHs in 1 patient, from the right AH in 1 patient, and from the left AH in 1 patient in the CCM group. Among the 3 groups, all of the MEP latency, PCT, and CMCT parameters in the ADM or AH of the CCM-DM and CCM groups were significantly longer than those of the control group (p = 0.000-0.007).
The PCTs in the CCM-DM group were significantly longer than those in the CCM group, but no significant differences were observed in the MEP or CMCT parameters between the CCM-DM and CCM groups (p = 0.080-1.000).
clinical outcomes
The mean JOA score before surgery in the CCM-DM was 10.7 ± 2.0 points (range 7-14.5 points) and was significantly lower than that in the CCM group (12.2 ± 2.5 points, range 5-16 points; Mann-Whitney U-test, p = 0.015; Table 1 ). The JOA score was improved significantly at 1 year after surgery to 13.8 ± 2.2 points (range 9-16.5 points) in the CCM-DM group (Wilcoxon signed-rank test, p = 0.001) and to 14.5 ± 2.1 points (range 7-17 points) in the CCM group (p = 0.000).
correlations between the Joa Scores and electrophysiological parameters
The correlations between the JOA score or CMCT values in the CCM-DM and CCM groups are shown in Tables 3 and 4. In the CCM-DM group, the JOA score before surgery was negatively correlated with MEP-AH (r = -0.610, p = 0.012) and PCT-AH (r = -0.676, p = 0.004). The JOA score before surgery showed a negative correlation with MEP and CMCT parameters in the CCM group (r = -0.446 to -0.360, p = 0.000-0.003). The JOA score after surgery correlated significantly with MEP-AH (r = -0.667, p = 0.005) and PCT-AH (r = -0.611, p = 0.012) in the CCM-DM group, while there was significant correlation with MEP-ADM (r = -0.267, p = 0.032) and CMCT-ADM (r = -0.254, p = 0.041) in the CCM group.
The JOA score correlated significantly with age in the CCM-DM group both before (r = -0.686, p = 0.003) and after surgery (r = -0.695, p = 0.003). Similarly, the JOA score correlated with age in the CCM group both before (r = -0.391, p = 0.001) and after surgery (r = -0.382, p = 0.002). The Pearson correlation coefficients (r) between height and JOA score in the CCM-DM group were 0.293 (p = 0.270) before surgery and 0.246 (p = 0.358) after surgery. The Pearson correlation coefficients (r) between height and JOA score in the CCM group were 0.188 (p = 0.134) before surgery and 0.169 (p = 0.178) after surgery. Even when calculating the partial correlation coefficient (r') after adjustment for age and height, the JOA score was negatively correlated with MEP-AH and PCT-AH before and after surgery in the CCM-DM group (r = -0.829 to -0.603, p = 0.000-0.023) and with MEP and CMCT before surgery in the CCM group (r = -0.450 to -0.385, p = 0.000-0.002).
rate of electrophysiological abnormalities
The rates of electrophysiological abnormalities in the CCM-DM and CCM groups are shown in Table 5 . PCT-ADM and PCT-AH abnormalities were detected in 16 patients (73%) and 13 patients (59%) in the CCM-DM group, respectively. In total, PCT abnormalities were observed in the ADM and/or AH muscles in 17 (77%) CCM-DM patients. In contrast, PCT-ADM and PCT-AH abnormalities were detected in 38 patients (41%) and 23 patients (25%) in the CCM group, respectively. The rate of PCT-AH and MEP-AH abnormalities in the CCM-DM group was significantly higher than that in the CCM group (p = 0.004-0.029). CMCT-ADM and CMCT-AH abnormalities were detected in 12 patients (54%) and 19 patients (86%) in the CCM-DM group, respectively. In total, CMCT abnormalities were observed in the ADM and/or AH muscles in 20 (91%) CCM-DM patients. There were no significant differences in the rate of CMCT abnormalities between the CCM-DM and CCM groups (p = 0.074-0.815).
discussion
Our results demonstrate a prolonged PCT in patients in the CCM-DM group as compared with that in patients in the CCM group, even though the diabetic patients had not experienced a symptomatic diabetic neuropathy before the onset of CCM. CMCT was prolonged in patients in both the CCM-DM and CCM groups as compared with that in the control group; however, no significant differences in CMCT were observed between the CCM-DM and CCM groups. However, the JOA score of the CCM-DM group was significantly lower than that of the CCM group. In the CCM-DM group, the JOA score correlated with the MEP-AH and PCT-AH, but not with other electrophysiological parameters. There were significant correlations between the JOA score and both the MEP and CMCT values in the CCM group.
In our case series, PCT parameters calculated from Fwave and M-wave latencies were significantly longer in the CCM-DM group than those in the CCM or control group. F-wave latencies elicited by distal stimulation represent the motor conduction time to and from the spinal cord along the entire motor nerve axon. 5, 16, 19, 35 Abnormalities in F-wave latencies have been reported in patients with diabetic neuropathy, as well as in subclinical asymptomatic patients. Pan et al. examined F-wave latency in the me- dian, ulnar, tibial, peroneal, and sural nerves in symptomatic and asymptomatic patients with diabetic neuropathy and reported that abnormalities were observed in 84% of symptomatic patients and 36% of asymptomatic patients. 34 While our CCM-DM group did not include patients who had experienced symptomatic diabetic neuropathy, the PCT values were longer in that group than in the CCM group, and abnormalities were detected in 73% of patients in the PCT-ADM and 59% of patients in the PCT-AH. Of the 22 patients in the CCM-DM group, despite not being diagnosed with diabetic polyneuropathy before the onset of CCM, 17 patients (77%) presented abnormal PCT in the upper and/or lower limbs, suggesting that these patients had asymptomatic diabetic neuropathy or developed deterioration in the lower motor neuron after the onset of CCM. CMCT is calculated by subtracting PCT from the MEP latency and can be used to evaluate corticospinal function in cervical myelopathy. Corticospinal conduction block is thought to cause CMCT prolongation, 15, 29, 30 and CMCT is more prolonged in patients with more severe cervical spinal cord compression, according to MRI analysis. 23 However, few reports have conducted electrophysiological assessment of diabetic patients with CCM. Chistyakov et al. examined MEPs and somatosensory evoked potentials in 9 patients with combined CCM and diabetic neuropathy. They identified CMCT abnormalities in 6 (66.7%) of these patients and peripheral latencies calculated from F-wave and M-wave latencies in 8 (88.9%) patients. In the present study, the CMCT parameters were prolonged significantly in 12 (54%) patients in the CMCT-ADM and in 19 (86%) patients in the CMCT-AH. Together, CMCT abnormalities were observed in 20 (91%) patients, and PCT abnormalities were observed in 17 (77%) patients in the upper and/ or lower limbs. These results suggest that electrophysiological measurements can detect abnormalities in upper and lower motor neurons, even in patients with DM. These results are similar to the prolonged CMCT observed in patients with coexisting entrapment neuropathy and CCM, as reported previously. 14 Machino et al. compared the JOA score between diabetic patients with cervical spondylotic myelopathy (CSM) and nondiabetic patients with CSM and concluded that the pre-and postoperative JOA scores and recovery rate were lower in the diabetic group than in the nondiabetic group, while the achieved JOA scores were not significantly different between these 2 groups. 25 In the present study, the JOA score before surgery in the CCM-DM group was significantly lower than that in the CCM group, while there were no significant differences in the CMCT parameters (i.e., corticospinal tract impairments) between the CCM-DM and the CCM groups, suggesting that the JOA score in the diabetic patients may be influenced by additional impairments in peripheral nerves or other diabetic complications. The CMCT correlates with clinical assessment in patients with CCM. Correlations between CMCT and the JOA score have been reported. 31, 37 However, our results showed no correlation between the JOA score and CMCT in the CCM-DM group. In the CCM-DM group, the JOA score correlated with the MEP-AH and PCT-AH before and after surgery, while the JOA score before surgery correlated with the CMCT and MEP values in the CCM group. Pan et al. reported that the measurement of F-waves in the tibial and fibular nerves is the most sensitive method to detect subclinical or overt diabetic polyneuropathy. 34 The PCT parameters in the tibial nerve were contained in MEP-AH values together with the CMCT, which may result in the correlation observed between the JOA score and MEP-AH values in our diabetic patients.
CMCT is a useful parameter in spinal pathology for predicting the outcome of surgical treatment. 37 CMCT values improved after cervical laminoplasty with significant correlations to the JOA score before and after surgery. 31 Moreover, sufficient clinical results have been reported even in myelopathy patients older than 80 years, provided the patients are selected correctly through electrophysiological evaluation via MEP and CMCT study. 38 However, those studies excluded diabetic patients or did not clearly mention the patients with DM. In diabetic patients with CCM in our study, the JOA score improved significantly after surgery. Moreover, MEP and PCT values correlated with the JOA score before and after surgery. Together, our results suggest that MEP, PCT, and CMCT studies may be effective in screening patients for CCM who would benefit from surgical intervention, even in diabetic patients. However, the functional variations in the motor pathway after cervical laminoplasty are unclear in the diabetic patients with CCM. Further study is needed to investigate the function after surgery.
The JOA score evaluates motor function in the extremities and bladder function, as well as sensory function in the body and extremities. In our study, the CMCT and PCT parameters were calculated from MEPs, F-wave, and M-wave latencies to evaluate the conductivity of the corticospinal tract and peripheral motor function. F-wave latencies are considered the most sensitive measure of diabetic neuropathy, 1,18 especially for subclinical abnormalities in patients with normal nerve conduction parameters. 34 Therefore, we examined F-waves in the present study. One limitation to this study is that we did not conduct an electrophysiological investigation of sensory nerve conduction, and the factors that impact the JOA score were not clarified. As another limitation, it is difficult to discriminate the asymptomatic diabetic neuropathy or developed deterioration in the lower motor neuron after the onset of CCM. Symptoms associated with CCM, such as sensory disturbance, numbness, motor weakness in the limbs, or bladder and bowel dysfunction, may mask the symptoms induced by diabetic neuropathy.
conclusions
In conclusion, our results suggest that MEP, PCT, and CMCT reveal abnormalities in both the upper and lower motor neurons, even in patients with DM. Our results also show that a prolonged PCT may exist in DM patients with CCM, even though these patients have no history of diabetic neuropathy. In addition, our results demonstrate that corticospinal tract impairments were similar between the diabetic and nondiabetic patients with CCM, while the JOA score in diabetic patients was lower than that in nondiabetic patients. The JOA score in the CCM-DM patients may be influenced by additional impairments in peripheral nerves or other diabetic complications. These electrophysiological studies may be effective for screening motor pathway function for CCM patients, even those with DM. 
